ABSTRACT Realizing room-temperature slow light is of fundamental importance in physics and may promote the practical applications of slow light in information storage and optical communication. Here, we propose a feasible way to realize room-temperature slow light based on magnon-polaritons in a coupled cavity magnon-photon system, in which the cavity microwave photons strongly coupling with the magnons in a small-scale magnetic insulator yttrium-iron-garnet (YIG, Y 3 Fe 5 O 12 ). We find that the generation of slow light does not require the harsh conditions of ultra-low temperature, and the magnitude of the group delay can be regulated by adjusting the external magnetic field. Furthermore, the transformation between the fast and slow light can be achieved by controlling the magnon-photon coupling strength. Based on the current experimental condition, we believe that the proposed scheme of room-temperature slow light will be highly accessible in experiments. The potential applications range from enhancing magnon-photon interaction to designing an optical communication network.
I. INTRODUCTION
Cavity magnonics system exploring the interaction between the magnon mode, the quasiparticle of spin-wave excitation, and the microwave photon has recently been the subject of extensive investigations and made great achievement in the past few decades [1] - [7] . This novel subject has created a new perspective to investigate light-matter interaction via magnetic dipoles, and may promote the development of the field of magnon spintronics [8] , [9] and cavity quantum electrodynamics [3] , [4] , as well as leads to many attractive applications in quantum manipulation and quantum information [10] - [14] . A typical cavity magnon-photon system as shown in Fig. 1 , in which a micron-sized magnetic insulator YIG sphere is loaded in a high-finesse microwave cavity. Such cavity magnonics system possesses several distinguishing advantages, for example, YIG ferromagnetic material has a high spin density (ρ s ≈ 4.22 × 10 27 m −3 ) exceeding previous spin ensembles by several orders of magnitude [15] - [17] . Moreover, YIG exhibits a record low microwave magneticloss parameter and excellent dielectric properties at microwave frequencies [18] , [19] . Intriguingly, YIG material
The associate editor coordinating the review of this manuscript and approving it for publication was Wenjie Feng. A micron-sized YIG ferrimagnetic sphere is mounted in a microwave cavity field and placed near the position with the maximum microwave magnetic field (the cross section of the magnetic field distribution). The whole cavity is placed in an uniform bias magnetic field H z (along the z direction). κ i and κ o are respectively, the coupling of the input and output ports.
can maintain good ferromagnetism at both cryogenic and room temperatures due to the high Curie temperature (T = 559 K) [4] . Recently, the strong and even ultrastrong coupling between the microwave photon and magnon has been experimentally observed [20] - [23] . In addition, some fascinating phenomena, such as magnon-induced transparency and amplification in PT -symmetric cavity-magnon system [24] - [26] , magnon-induced high-order sideband generation [27] , and phase-mediated magnon chaotic dynamics [28] , [29] , have been theoretically predicted. A growing number of theoretical and experimental studies have been devoted in coupled cavity magnon-photon systems, however, to the best of our knowledge, their investigations about the slow-light effect [30] are still unexplored in this emerging field.
In this work, we discuss the slow-light effect which have been investigated by numerically calculating the group delay of the probe field from the rapid phase dispersion [31] - [35] . We start from a realistic experimental model and calculate the transmission coefficient of the system by using the standard input-output theory, and then derive the analytical expression of the group delay. Advantageously, we note that the magnon polaritons originating from the YIG crystal will maintain good coherence characteristics at room temperatures owing to the high Curie temperature of the YIG ferromagnetic material. The room-temperature slow light based on magnonpolaritons in our scheme, therefore, has some prominent advantages comparing to the previous investigations based on electromagnetically induced transparency (EIT) or optomechanically induced transparency (OMIT) in previous literatures [36] - [41] . On one hand, the experimental conditions for slow-light generation do not require the harsh circumstances of ultra-low temperature. On the other hand, the group delay can be transited from positive to negative by regulating the magnon-photon coupling strength, which reminds us of the possibility that the conversion between the fast and slow light can be easily realized in a single device. In particular, the manipulation of the room-temperature slow light proposed here can be achieved by controlling the external magnetic field instead of a strong coherent field. Beyond their fundamental scientific significance, our results provide a feasible scheme for realizing room-temperature slow light, and the potential applications range from enhancing magneto-optical interaction to designing information storage device and optical communication network, as [42] - [46] have suggested.
II. PHYSICAL MODEL AND DYNAMICAL EQUATION
The physical model in our studies is schematically shown in Figure 1 , in which a highly polished single-crystal YIG sphere with loss rate γ m is mounted inside the microwave cavity field, and the whole cavity is placed in an uniform bias magnetic field H z . Stimulated by the external bias magnetic field, the magnetic components of the microwave cavity field along the y direction induce the spin flip, and thus considerable magnon modes will be excited in YIG sphere [4] . And simultaneously, the frequency of the magnon mode can be flexibly tuned by adjusting the external magnetic field, i.e., = γ e H z , where γ e = 2π × 28 GHz/T is the gyromagnetic ratio [18] . Here, we note that the magnon modes are long-wavelength rigid discrete modes of spins in the YIG sphere, as a consequence, the exchange interactions between electron spins can be safely neglected [47] .
Suppose that the system is driven weakly by the probe field, such that the number of collective spin excitations is a small fraction of the total spin number. In this weak excitation limit, the collective spin operatorsσ = (σ x ,σ y ,σ z ) can approximately represented by the boson creation and annihilation operators (m † andm) via the Holstein-Primakoff transformation [48] , i.e.,m † ≈ N iσ
2S, where S = Ns is the total spin number of the corresponding collective spin operator, with the total number of spins N and the spin number s = 5/2.σ ± =σ x ± iσ y are, respectively, the raising and lowering operators of the collective spin. By adjusting the external magnetic field, the magnon can be tuned near the resonance with the cavity photon mode, hence, the strong and even ultrastrong magnon-photon coupling interactions can be observed by placing the YIG sphere at the position with the maximum microwave magnetic field, as shown in the cross section of the magnetic field distribution in Fig. 1 . The magnon and microwave cavity modes are coupled as
, therefore, the total Hamiltonian of such coupled magnon-photon system can be written aŝ
where ω c represents the eigenfrequency of the microwave cavity mode andĉ (ĉ † ) is the boson annihilation (creation) operator of the microwave photon.
√ 2Ns is the coupling strength between the microwave cavity mode and the magnon mode [22] , where µ o is the vacuum permeability, V c is the volume of the cavity mode, and η is the spatial overlap and polarization-matching condition between the microwave field and the magnon mode.
Applying the rotation-wave approximation, viz, (ĉ † + c)(m +m † ) → (ĉ †m +ĉm † ), the Hamitonian of the system may be reduced to the form
In the present work, we are interested in the mean response of the cavity magnon-photon system, so the operators can be reduced to their expectation values, i.e., α(t) = ĉ(t) , β(t) = m(t) . Considering the cavity field and magnon mode damping processes, the evolutionary dynamics of such cavity magnon-photon system can be obtained by the HeisenbergLangevin equations, i.e.,ȯ = i[Ĥ ,ô], whereô is an any optical or magnon operator, and thus we shall have
where κ c is the total cavity linewidth given by κ c = κ i + κ o +κ int , with κ i (κ o ) the coupling of the input (output) cavity and κ int the intrinsic loss rate of the cavity. Form Eqs. (3), the transmission coefficient S 21 (ω) of the cavity magnonphoton system can be calculated by using the standard inputoutput theory as [15] where
Here, we need to emphasize that both a ferromagnetic-resonance mode and a magnetostatic mode can be observed in the measured transmission spectrum of the cavity magnonic system at cryogenic temperature. However, the magneto-static mode can be safely ignored in our scheme due to the drastic increase of the damping rate at room temperature, which has been confirmed experimentally [4] .
III. RESULTS AND DISCUSSION
Implementing room-temperature slow light is of fundamental importance in physics and also a challenging scientific subject, which may greatly promote the practical applications of slow light in information storage and optical communication [42] - [45] . In analogy to the previous slow-light investigations in optomechanical system [37] - [40] , in the region of the narrow transparency window, the rapid phase dispersion can cause the group delay. Similarly, the rapid phase dispersion, that is,
), can also be achieved in our scheme induced by magnon polaritons. In Figs. 2(a) and (b) , respectively, we plot the probe field phase (ω) and the transmission amplitude | S 21 (ω) | of the cavity magnon-photon system as functions of the probe detuning / ( = ω − ω c ) and the magnon-photon coupling strength / 0 . Obviously, when the magnon-photon coupling strength is relatively small, the probe field suffers a rapid phase dispersion around = 0. Such rapid normalphase dispersion can result in a positive group delay, making the generation of slow light possible [31] , [32] . Intriguingly, an anomalous dispersion of the probe field phase appears when we increasing the magnon-photon coupling strength indicating the occurrence of fast light, and an apparent critical point as shown in the vicinity of the magnon-photon coupling strength / 0 ≈ 0.23. The physical mechanism can be explained as follows. Under the weak coupling strength, as shown in Fig. 2(b) , the cavity is transparency only at the microwave cavity mode frequency ω = ω c (the transmission amplitude | S 21 (ω) | ≈ 0.7). However, as the magnon-photon coupling strength increasing, an opaque window appears in the transmission spectrum of the probe field, in which the transmission amplitude | S 21 (ω) | goes to zero due to the opening of the Rabi gap. Furthermore, the Rabi gap, i.e., the width of the opaque window, increases with the increase of the magnon-photon coupling strength, as shown in Fig. 2(b) . The above discussion reminds us of the possibility of realizing the conversion between the fast and slow light by controlling the magnon-photon coupling strength in a single device. Figure 3 plot the group delay τ g (a) and the transmission amplitude | S 21 (ω) | (b) of the system vary with the magnonphoton coupling strength and the detuning ( = ω − ) between the microwave probe frequency ω and the magnon frequency , respectively. Physically, the magnon frequency can be flexibly tuned by adjusting the external magnetic field, i.e.,
= γ e H z [18] , therefore, the manipulation of roomtemperature slow light can be implemented by adjusting the external magnetic field instead of a strong coherent pump field. The group delay τ g of the transmitted probe field can be described by a gentle slope [37] - [39] , i.e.,
A positive group delay indicates that the transmission parts of the output field are accompanied by the generation of slow light. If, conversely, the group delay is negative which implies that the generation of fast light. We can see obviously that with the increase of the magnon-photon coupling strength , the value of the group delay will change from positive to negative (the red dashed curve in Fig. 3(a) marks the transition at zero group delay), which corresponds to the transformation between the slow and fast light. Moreover, the magnitude of group delay increases as the detuning = ω − increases. From the relationship = γ e H z (γ e = 2π × 28 GHz/T), we can calculate that the range of the detuning / 0 ∈ (0, 5) MHz corresponding to the strength range of the external magnetic field H z ∈ (316.25, 319.28) mT. Namely, one can achieve the slow-light manipulation by adjusting the external magnetic field, therefore, our scheme provide a new way to realize magnetic-field-controllable slow light at room temperature. The transmission amplitude | S 21 (ω) | of the system is plotted in Fig. 3(b) . In the area of slow-light condition that we discussed, i.e., the magnon-photon coupling strength / 0 ∈ (0, 1), the transmission amplitude of the system reaches an appreciable value | S 21 (ω) | ≈ 0.7, which means that the room-temperature slow light proposal based on the cavity magnonic system will be very useful.
More clear results are shown in Fig. 4 . We can see from the magenta dashed box in Fig. 4(a) that, in the regime of / 0 ∈ (0, 0.23) MHz, apparently, the group delay is positive corresponding to the generation of slow light. Exceeding this critical point, i.e., the phase jump point near / 0 ≈ 0.23 in Fig. 2(a) , the group delay becomes negative, which indicates the transformation from the slow light to fast light. In addition, the maximum value of the group delay τ g is inversely proportional to the decay rate of the cavity field κ c . The only difference between the blue, the green, and the red solid lines in Fig. 4 are the decay rate of the cavity field κ c . It can be seen that if κ c /π reduces from 2.2 to 0.55 MHz, the maximum value of the group delay increases from τ g ∼ 0.3 µs (the blue solid line) to τ g ∼ 1.2 µs (the red solid line). Furthermore, we find that the room-temperature slow-light proposed here can be controlled by adjusting the external magnetic field. Fig. 4(b) plots the group delay τ g   FIGURE 4 . Group delay τ g as a function of the magnon-photon coupling strength / 0 (a), and the detuning / 0 (b), under the different values of the damping rate of the microwave cavity field κ c , respectively. Here, the detuning in Fig. 4 (a) is = 0 and the magnon-photon coupling strength in Fig. 4 (b) is / 0 = 1. The other parameters are the same as those in Fig. 2. varies with the detuning under the different attenuation of the cavity field. In the case that / 0 ∈ (0, 80) MHz, correspondingly, the range of the external bias magnetic field strength H z ∈ (316.25, 364.68) mT. The growth trend of the group delay τ g varying with the bias magnetic field strength H z evidently shows two completely different processes, that is, the rapid growth phase, and the stable phase. In the context of the small detuning , the group delay increases rapidly with the increase of the bias magnetic field strength H z , while τ g tends to be stable in the range of the large detuning . From above discussion, we can see that the effective slowlight manipulation can be achieved by adjusting the external bias magnetic field strength instead of a strong pump field. The maximum stable value of group delay τ g , similarly, is inversely proportional to the damping rate of the cavity field κ c . As expected, if the damping rate can be further reduced, the maximum value of the group delay will be enhanced continuously, which reminds us of the possibility of achieving larger group delay in ultrahigh-Q cavity magnonphoton system.
Realizing and controlling slow light at room temperature is of paramount importance in quantum memory and optical information storage [42] , [43] . Unlike the previous fast-and slow-light investigations based on EIT and OMIT, in which the system must be cooled and the value of the group delay can only be regulated by the strong coherent field. Such harsh conditions severely limit the practical application of slow light. In this work, we consider a coupled cavity magnonphoton system, in which a small magnetic insulator YIG sphere maintains a good ferromagnetic property at room temperatures owing to its Curie temperature as high as 559 K [4] . Stimulated by the bias magnetic field, considerable magnon modes will be excited in YIG sphere, and the strong or ultrastrong magnon-photon interaction can be achieved by placing the YIG sphere at the position with the maximum microwave magnetic field. Such unique system provides us a powerful platform to implement room-temperature slow light. Interestingly, a phase dispersion critical point induced by magnon-polaritons reminds us of the possibility of realizing the transformation between the slow and fast light in a single device, as well as the magnitude of the group delay can be regulated by adjusting the external magnetic field instead of a strong control field. In particular, the magnetic field dependence of magnon polaritons provides cavity magnonics system with unprecedented compatibility [49] - [52] , therefore, our solution may also be implemented in other cavity magnonics systems with opto-or electromechanical elements.
In what follows, it is necessary to evaluate the realistic experimental possibilities of the room-temperature slow light in our scheme. First of all, as can be seen from the discussion above, the magnitude of the group delay can reach about τ g ≈ 0.5 µs, which corresponds to the magnitude of the group velocity being reduced to ν g ≈ 10 3 m/s (through the fewmillimeter-long cavity field structure). Besides, the bandwidth of the proposed slow light in our scheme determined by the width of the opaque window is approximately a few megahertz [31] . For example, the bandwidth of the slow light κ/2π = 2.65 MHz when the magnon-photon coupling strength / 0 = 0.5 (see Fig. 2(b) ). Furthermore, the magnetic insulator yttrium-iron-garnet crystal coupled to the microwave cavity field, undoubtedly, already has a mature experimental foundation [20] - [23] . In Ref. [22] , the bias magnetic field is tunable in the range of 0-2 T, which corresponds to the magnon frequency from a few hundred MHz to about 50 GHz. Moreover, the coherent coupling between the microwave photon and the magnon can be realized from weak coupling to strong coupling, and even reach ultrastrong coupling (the cooperativity C = /(κ c γ m ) 12600). In the present work, the strength of the external bias magnetic field required for our scheme is about 316.26 mT to 364.68 mT, which is within the experimentally adjustable range. Additionally, at the condition of the slow light that we discussed in this work, the range of the magnon-photon coupling strength only need to be / 0 ∈ (0, 1), correspondingly, the transmission amplitude | S 21 (ω) | of the system reaches about 0.7, which is an appreciable value. The power of the input microwave probe field is about −20 dBm. Such parameter conditions can be easily achieved in current experimental techniques, so the proposed scheme of room-temperature slow light will be highly accessible in the laboratory.
IV. CONCLUSION
In conclusion, room-temperature slow light based on magnon-polaritons in a coupled cavity magnon-photon system has been theoretically investigated in detail, which is a challenging endeavor that are rarely presented in previous literatures. We show that, the generation of slow light does not require the harsh conditions of ultra-low temperature but can be achieved at room temperature, which is expected to solve a major bottleneck in the practical application of slow light. Furthermore, the value of the group delay is magnetic field dependent, and the transformation between the fast and slow light can be realized in a single device. In particular, the manipulation of slow-light effect can be adjusted via the external magnetic field instead of a strong coherent field. In addition to providing insight into magnon-photon interaction, the study of room-temperature slow light may open up a new platform for the practical application of slow light in information storage and optical communication. 
